Bacteriochlorophyll a is widely distributed among anoxygenic photosynthetic bacteria. In bacteriochlorophyll a biosynthesis, the reduction of the C8 vinyl group in 8-vinyl-chlorophyllide a is catalyzed to produce chlorophyllide a by an 8-vinyl reductase called divinyl reductase (DVR), which has been classified into two types, BciA and BciB. However, previous studies demonstrated that mutants lacking the DVR still synthesize normal bacteriochlorophyll a with the C8 ethyl group and suggested the existence of an unknown "third" DVR. Meanwhile, we recently observed that chlorophyllide a oxidoreductase (COR) of a purple bacterium happened to show the 8-vinyl reduction of 8-vinyl-chlorophyllide a in vitro. In this study, we made a double mutant lacking BciA and COR of the purple bacterium Rhodobacter sphaeroides in order to investigate whether the mutant still produces pigments with the C8 ethyl group or if COR actually works as the third DVR. The single mutant deleting BciA or COR showed production of the C8 ethyl group pigments, whereas the double mutant accumulated 8-vinyl-chlorophyllide, indicating that there was no enzyme other than BciA and COR functioning as the unknown third DVR in Rhodobacter sphaeroides (note that this bacterium has no bciB gene). Moreover, some COR genes derived from other groups of anoxygenic photosynthetic bacteria were introduced into the double mutant, and all of the complementary strains produced normal bacteriochlorophyll a. This observation indicated that COR of these bacteria performs two functions, reductions of the C8 vinyl group and the C7‫؍‬C8 double bond, and that such an activity is probably conserved in the widely ranging groups.
Chlorophyll (Chl) 4 and bacteriochlorophyll (BChl) pigments are required by photosynthetic organisms to perform primary processes for capturing photons, migrating excited energy, and achieving charge separation. These pigment species possess distinctive electronic absorption bands that are dependent on their molecular structures and also influence their light-harvesting efficiencies in photosynthetic apparatuses. Oxygenic photosynthetic organisms (e.g. higher plants, algae, and cyanobacteria) contain Chls a, b, c, d, and f (1-3), whereas anoxygenic photosynthetic bacteria (e.g. purple bacteria, green sulfur bacteria, filamentous anoxygenic phototrophs, heliobacteria, and acidobacteria) possess BChls a, b, c, d, e, and g (4, 5) . All of the Chl and BChl species are biosynthesized from 8-vinyl-protochlorophyllide a (8V-PChlide a) by a series of enzymes. Their structural variation is ascribable to the biosynthetic derivatization from the common pigment intermediate through several transformations, including reduction of CϭC double bonds. Evolutionarily modified enzymes catalyze to produce the (B)Chl pigments, which are diverged in all of the phototrophs.
BChl a is found in light-harvesting antenna systems and reaction center complexes of anoxygenic photosynthetic bacteria, except for some purple bacteria giving BChl b and heliobacteria having BChl g. The biosynthetic pathways for BChl a have been well characterized using model organisms in purple bacteria that are genetically amendable (4) , together with biochemical studies of some enzymes (6 -8) . In the genomes of purple bacteria, genes encoding enzymes for the BChl a biosynthesis are usually arranged in a large region called a photosynthesis gene cluster, which also contains genes for the reaction center, the light-harvesting complex, and carotenoid biosynthesis (9, 10) . The photosynthetic gene cluster is conserved in many genome-sequenced purple bacteria and is thought to have been acquired by a horizontal gene transfer from a photosynthetically ancestral species.
In the biosynthetic pathways of BChl a, a vinyl group at the C8 position at the stage of 8V-PChlide a or 8-vinyl-chlorophyllide a (8V-Chlide a) is reduced to the C8 ethyl group by 8-vinyl reductase (also known as divinyl reductase (DVR)) (see Fig. 1 ). In an early study using the purple bacterium Rhodobacter capsulatus, the mutational analysis judged that a bchJ gene encodes one of the subunits for DVR (4, 11) . However, recent investigations have indicated that BchJ is not DVR and would be a scaffold or chaperone protein for an unidentified route among several biosynthetic steps from 8V-PChlide a to BChl a (8, 12) . In the case of Chl a synthesis, a AT5G18660 gene of the higher plant Arabidopsis thaliana was identified as a DVR gene because the gene mutant accumulated 8-vinyl-Chls (8V-Chls) a and b (13, 14) ; hereafter in this work, this DVR is called planttype DVR. In the green sulfur bacterium Chlorobaculum tepidum, an ortholog of the plant-type DVR, denoted as BciA for BChl biosynthesis, was also identified; the bciA gene deletion mutant accumulated 8-vinylated derivatives (12) . The recombinant enzymes of plant-type DVR and BciA showed reduction activities using NADPH as an electron donor (12, 13, 15) . The in vitro enzymatic measurements of plant-type DVR showed that this enzyme had a higher activity with 8V-Chlide a than 8V-PChlide a. By contrast, in genomes of many cyanobacteria, no orthologs of plant-type DVR and BciA were found, but a nonhomologous slr1923 gene in the cyanobacterium Synechocystis sp. PCC6803 did code an enzyme showing DVR activity (16, 17) , which is here called cyano-type DVR. Many orthologs of cyano-type DVR were also found in genomes of anoxygenic photosynthetic bacteria. One of those orthologs, the Ctha_1208 gene of the green sulfur bacterium Chloroherpeton thalassium, was observed (18) ; although a genetic manipulation of this bacterium is not available, the Ctha_1208 gene could complement the DVR ability in the bciA mutant of C. tepidum and was denoted as bciB for BChl synthetic pathways. Very recently, the recombinant BciB and cyano-type DVR were studied in vitro and showed the 8-vinyl reduction activity using ferredoxin as an electron donor (19, 20) .
As mentioned above, two classes of DVR, BciA and BciB, have been registered for synthesis of BChl species in most anoxygenic photosynthetic bacteria. The model purple bacterium R. sphaeroides has only BciA, as does C. tepidum, whereas another purple bacterium, Rhodopseudomonas palustris, has only BciB as its DVR, similar to C. thalassium (16, 18) . Some green sulfur bacteria are known to have both the bciA and bciB genes. Interestingly, filamentous anoxygenic phototrophs Roseiflexus species do not possess either bciA or bciB in the genomes, although these bacteria produce normal 8-ethylated BChl a. Other examples of bacteria lacking DVR genes are BChl b-producing Blastochloris viridis and BChl g-producing Heliobacterium modesticaldum because the C8 vinyl group is directly converted to the C8 ethylidene group in the biosynthetic pathway of these pigments (21) (22) (23) .
We reported that the bciA deletion mutant of C. tepidum still synthesized normal BChl a (24) . Recently, Hunter and co-workers (25) also demonstrated that the bciA mutant of R. sphaeroides synthesized BChl a, and they claimed the presence of an unknown "third-type" DVR. On the other hand, we recently found that Chlide a oxidoreductase (COR) composed of BchX, -Y, and -Z subunits of R. capsulatus, the original function of which is the reduction of the C7ϭC8 double bond in a chlorin ring, could also reduce the C8 vinyl to ethyl group in vitro (22) . To confirm the dual activities of the COR protein in vivo and to conclude the presence or absence of the third-type DVR, we constructed the R. sphaeroides mutant lacking both COR and BciA and investigated whether the pigment accumulated by the mutant is 8-ethylated or not. Additionally, the bchXYZ genes of various bacteria, including Roseiflexus castenholzii, were introduced into the double mutant to investigate whether the function of the 8-vinyl reduction is restored.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Culture Conditions-Bacterial strains used in this study are listed in Table 1 . R. sphaeroides J001 and R. palustris J002 strains were rifampicin-resistant derivatives from R. sphaeroides 2.4.1 (26) and R. palustris CGA009 (27) , respectively, and used as wild type strains in this study. These bacteria were grown in liquid or on solid PYS media (27) at 30°C under aerobically and semiaerobically dark conditions for genetic manipulations and pigment analyses, respectively, or anaerobi- cally illuminated conditions for phototrophic growth. The Escherichia coli strains, DH5␣ (28), JM109 -pir (29), and S17-1 -pir (30), were grown in liquid or on solid LB media at 37°C.
The following antibiotics with specified concentrations were added to the media: 25 g/ml kanamycin, 100 g/ml rifampi-cin, 25 g/ml streptomycin, and 10 g/ml gentamycin for R. sphaeroides; 100 g/ml kanamycin and 100 g/ml rifampicin for R. palustris; 100 g/ml ampicillin, 25 g/ml kanamycin, 20 g/ml streptomycin, 10 g/ml gentamycin, and 34 g/ml chloramphenicol for E. coli. 
Sequences of primers for construction of the plasmids and confirmation of the mutants used in this study
Third and Ancestral DVR in Anoxygenic Photosynthetic Bacteria MAY 2, 2014 • VOLUME 289 • NUMBER 18
JOURNAL OF BIOLOGICAL CHEMISTRY 12719
Plasmid Constructions-All plasmids used in this study are listed in Table 2 . The PCR primers used for the construction of plasmids and confirmation of mutants in this study are described in Table 3 . To construct the R. sphaeroides mutant lacking BciA, the pJSC-sphaA-Km plasmid ( Fig. 2A ) was produced as follows. A 1.04-kbp DNA fragment containing the bciA gene was amplified from the genomic DNA of R. sphaeroides by PCR using sphaA-F and sphaA-R primers. The PCR was performed with KOD-plus-DNA polymerase (TOYOBO, Japan). The product was digested with EcoRI and cloned into the SmaI and EcoRI restriction sites of pUC118 vector (Takara), yielding pUC-sphaA plasmid. The neo gene, conferring resistance to kanamycin, was excised from pUCKM1 (31) with HindIII and SmaI and then blunted. The pUC-sphaA plasmid was digested with XhoI, blunted, and ligated with the bluntended neo gene fragment, creating pUC-sphaA-Km plasmid. The fragment containing neo and partial bciA genes was excised from pUC-sphaA-Km with SmaI and XbaI and subcloned into the same restriction sites of the pJSC vector (32), producing pJSC-sphaA-Km. The plasmid pJSC is a chloramphenicol-resistant suicide vector and has the sacB gene encoding the levansucrase; the expression of sacB in the presence of sucrose was lethal for most of the Gram-negative bacteria (33). To construct the bchX/Y/Z-deleted mutant of R. sphaeroides, pJSC-sphaXYZ-Sm plasmid (Fig. 2B) was created as follows. The aadA gene, conferring resistance to streptomycin, was amplified from the plasmid pHP45⍀ (34) by PCR using the primer set aadA-F and aadA-R. It is noted that the bchXYZ genes are usu- , and dB (lane 10) strains. D, agarose gel electrophoresis (AGE) shows amplified fragments around the bciA locus using the above-mentioned sphaA-comf-F and -R primers. The PCR products from J001 and dXYZ strains (lanes 1 and 3, respectively) were 1.17 kbp, whereas the fragments from dA and dA/XYZ strains (lanes 2 and 4, respectively) were 2.50 kbp. E, the image for agarose gel electrophoresis shows amplified fragments around bchX, -Y, and -Z loci using the above-mentioned sphaXYZ-comf-F and -R primers. The PCR products from J001 and dA (lanes 5 and 6, respectively) were 4.55 kbp, whereas the fragments from dXYZ and dA/XYZ strains (lanes 7 and 8, respectively) were 2.61 kbp. F, the agarose gel electrophoresis image shows amplified fragments around the bciB locus using the above-mentioned palB-comf-F and -R primers. The PCR products from J002 and dB strains were 1.38 and 2.21 kbp, respectively. Lane M, molecular size marker (the sizes of bands are indicated at the left). Cloning of bchX, -Y, and -Z genes from C. tepidum (G) and
ally arranged next to each other in the genomes except for that of green sulfur bacteria (see Fig. 2 , B, G, and H). A 4.08-kbp DNA fragment containing the bchX/Y/Z genes was amplified from the R. sphaeroides genome using sphaXYZ-F and -R primers. The PCR product and the SmaI-digested pUC118 were ligated using an In-Fusion HD cloning kit (Clontech), yielding pUC-sphaXYZ. To amplify the DNA fragment from pUC-sphaXYZ without the inner portion of bchXYZ, the plasmid was used as the template for the inverse PCR with primers sphaXYZ-inf-F and -R (see Fig. 2B ). The resulting PCR product and the PCR fragment containing the aadA gene were ligated with the In-Fusion cloning kit, producing pUC-sphaXYZ-Sm. The obtained pUC-sphaXYZ-Sm was used as the template for PCR with the sphaXYZ-F and -R primer set, and the PCR fragment was subcloned into the SmaI site of pJSC by In-Fusion cloning, creating the pJSC-sphaXYZ-Sm plasmid.
For construction of the BciB-lacking mutant of R. palustris, the plasmid pJSC-palB-Km ( Fig. 2C ) was created as follows. A 1.23-kbp DNA fragment containing bciB was amplified from the genome of R. palustris by PCR using palB-F and palB-R primers. The PCR product was digested with HindIII and cloned into the SmaI and HindIII sites of pUC118, yielding pUC-palB. The neo gene was excised from pUCKM1 by digestion with SmaI. The pUC-palB plasmid was digested with SalI, blunted, and ligated with the neo gene fragment, creating the plasmid pUC-palB-Km. The pUC-palB-Km and pJSC plasmids were digested with SmaI and XbaI and then ligated together to create the pJSC-palB-Km plasmid.
For complementation experiments, the plasmid pZJ-sphaA carrying bciA of R. sphaeroides and the plasmid pZJ-palB containing bciB of R. palustris were constructed as follows. The open reading frame regions of bciA and bciB in pUC-sphaA and pUC-palB, respectively, were digested by NdeI and XbaI, excised, and subcloned into the same sites of the pZJ102 vector (35) , giving pZJ-sphaA and pZJ-palB, respectively. The pZJ102 was a derivative of pBBR1MCS5 (36) , which contained the R. capsulatus puc promoter for a high level of expression in Rhodobacter species, and the ATG codon in the unique NdeI site of this vector was positioned as the start codon of the pucB gene. To perform the complementation experiments of the bchXYZ genes from R. sphaeroides, R. palustris, C. tepidum, and R. castenholzii, the expression plasmids pZJ-sphaXYZ, pZJ-palXYZ, pZJ-tepXYZ, and pZJ-castXYZ were created as follows. The fragment containing bchXYZ of R. sphaeroides was excised from pUC-sphaXYZ plasmid with NdeI and XbaI and then ligated with the NdeI-and XbaI-digested pZJ102, yielding pZJ-sphaXYZ plasmid. A 4.06-kbp DNA fragment containing the bchXYZ genes was amplified from the genomic DNA of R. palustris by PCR using palXYZ-F and -R primer sets. The PCR product was digested by NdeI and XbaI and cloned into the same sites of pJZ102, creating plasmid pZJ-palXYZ. To construct the pZJ-tepXYZ, the PCRs were performed to amplify the bchX, bchY, and bchZ genes of the green sulfur bacterium C. tepidum using primer sets tepX-F and tepX-R, tepY-F and tepY-R, and tepZ-F and tepZ-R, respectively ( Table 3 ). The three PCR products and the SmaI-digested pUC118 were mixed and treated with the In-Fusion cloning kit, and then the bchX, -Y, and -Z genes were subcloned into pUC118 in this order, giving pUC-tepXYZ (Fig. 2G) . The plasmids pUC-tepXYZ and pZJ102 were digested by NdeI and XbaI and then ligated together to construct the pZJ-tepXYZ plasmid. To create the pZJ-castXYZ plasmid, a 7.06-kbp DNA fragment containing the bchXYZ and adjacent Rcas3745 genes of R. castenholzii (see Fig. 2H ) was amplified from its genomic DNA by PCR using castXYZ-F and castXYZ-R primers. The PCR product was ligated with the SmaI-digested pUC118 vector by In-Fusion cloning, giving the plasmid pUC-castXYZ. To amplify the bchXYZ-coding region without Rcas3745, the plasmid pUC-castXYZ was used as the template for PCR with primers cast-remove-F and -R ( Fig. 2H and Table 3 ). The resulting PCR fragment was phosphorylated and self-ligated, producing pUC-castXYZ2 (Fig. 2H) . The DNA fragment containing the R. castenholzii bchXYZ genes was excised from the pUC-castXYZ2 with NdeI and XbaI and ligated into the same sites of pZJ102, creating the plasmid pZJ-castXYZ.
Construction of the Mutant Strains of R. sphaeroides and R. palustris-The pJSC-based plasmids, pJSC-sphaA-Km, pJSC-sphaXYZ-Sm, and pJSC-palB-Km, were transformed into the mobilizing E. coli strain S17-1 -pir (30) . To construct the bciA mutant of R. sphaeroides, the J001 was used as a parent strain. The plasmid pJSC-sphaA-Km was transferred into the J001 strain by a conjugation method with the E. coli S17-1 strain (32) . The kanamycin-resistant colonies grown in the presence of 5% sucrose were selected as double-crossover candidates, and the chromosomal insertion into bciA by the neo gene was confirmed by PCR using sphaA-comf-F and -R primers (Fig. 2D) . A DNA molecular weight marker, the -EcoT14I digest (Takara), was used for molecular mass estimation of the PCR products. Furthermore, DNA sequences of the PCR fragments were determined using an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The mutant strain was designated the dA strain. To create the mutants of R. sphaeroides deleting bchXYZ and both regions of bchXYZ and bciA, the J001 and dA strains, respectively, were conjugated with S17-1 having the plasmid pJSC-sphaXYZ-Sm. In the presence of 5% sucrose, the streptomycin-resistant transconjugants were picked as candidate mutants, and the mutated alleles in the genome were confirmed by PCR in the manner mentioned above (Fig. 2E ). The confirmed mutants were named dXYZ and dA/XYZ strains, respectively.
For construction of the R. palustris bciB mutant, the pJSC-palB-Km was transferred into the J002 strain, and transconjugants on a PYS plate containing kanamycin and 5% sucrose were selected. The PCR confirmation of the mutated allele using primer set palB-comf-F and -R is shown in Fig. 2F . The bciB deletion mutant of R. palustris was called the dB strain.
Complementation Experiments-The pZJ102-based plasmids, pZJ-sphaA, pZJ-palB, pZJ-sphaXYZ, pZJ-palXYZ, pZJ-tepXYZ, and pZJ-castXYZ, in the E. coli strain S17-1 were transformed into R. sphaeroides mutant strain dA/XYZ or dXYZ by conjugation (32, 35) , and complemented strains carrying each plasmid were selected on PYS plates containing gentamycin and rifampicin. The resulting recovered strains are listed in Table 1 .
Determination of Pigment Compositions of R. sphaeroides and R. palustris Mutant Strains-Two extraction and two HPLC methods were applied. One was tailored for lipophilic pigments (BChl a) and the other for hydrophilic pigments Third and Ancestral DVR in Anoxygenic Photosynthetic Bacteria MAY 2, 2014 • VOLUME 289 • NUMBER 18
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(Chlide a). For the analysis of lipophilic pigments, a mixture (2 ml) of acetone and methanol (1:1, v/v) was added to harvested cells (about 0.25 g of wet cells) and mixed using a vibrator. A mixture (2 ml) of diethyl ether and petroleum ether (1:1, v/v) and then distilled water (4 ml) were added to transfer the pigment components to the ether layer. The ether phase was collected and evaporated to dryness under a stream of N 2 gas, and the residue was dissolved in a mixture (50 l) of methanol and acetone (3:1, v/v). Twenty l of the mixed solution was then used for the following HPLC analysis. For the analysis of hydrophilic pigments, the above funnel separation procedures with ether were omitted. The extracts of a mixture of acetone and methanol were immediately evaporated to dryness under a stream of N 2 gas, the residue was dissolved in methanol (50 l), and then 20 l of the mixture was used for pigment analysis.
HPLC was performed using a Shimadzu Prominence liquid chromatograph system comprising a CBM communications bus module, an SPD-M20A photodiode array detector, an LC-20AD pump, a DGU-20A 3 degasser, and a CTO-20AC column oven (Shimadzu, Japan). Reverse-phase HPLC was performed under the following conditions: for the analysis of lipophilic pigments, column, Cosmosil 5C18-AR-II (3.0 ϫ 150 mm, 5 m; Nacalai Tesque Inc.); eluent, methanol/acetone/H 2 O (75:15:10, v/v/v); flow rate, 0.75 ml/min; range of detection wavelength by photodiode array, 350 -800 nm; and for the analysis of hydrophilic pigments, column, Inertsil ODS-EP (3.0 ϫ 150 mm, 5 m; GL Sciences Inc.); eluent, methanol/ aqueous 50 mM ammonium acetate (pH 5.25) (70:30, v/v); flow rate, 0.50 ml/min; range of detection wavelength by photodiode array, 350 -800 nm. Liquid chromatography mass spectrometry (LCMS) was performed under the above HPLC conditions, using a Shimadzu LCMS-2010EV system comprising a quadrupole mass spectrometer equipped with an atmospheric pressure chemical ionization (APCI) for lipophilic pigments or an electrospray ionization (ESI) probe for hydrophilic pigments as described (22, 37) . All solvents used for the analytical HPLC were of HPLC grade quality and were purchased from Nacalai Tesque Inc. and Wako Pure Chemical Industries Ltd.
Authentic Chlide a and 8V-Chlide a were prepared from a commercially available cyanobacterium Spirulina containing Chl a (Spirulina powder S1K, DIC Lifetec Co., Ltd.) and the ⌬slr1923 mutant of Synechocystis sp. PCC6803 containing 8V-Chl a (16), respectively, as described previously (22) .
RESULTS

Analysis of Pigment Compositions in bciA and/or bchXYZ Deletion Mutants of R. sphaeroides-As mentioned in the
Introduction, there is a possibility that an unknown third type of DVR exists in Rhodobacter species and that COR has the potential to act as DVR for BChl a biosynthesis. To clarify these speculations, we constructed bciA-and/or bchXYZ-deleted mutants of R. sphaeroides and identified the resulting pigments from cultured cells. The PCR analyses of genomic DNAs confirmed that the targeted mutations in the genes accordingly occurred (Fig. 2, D and E) . The mutant lacking sole BciA, the dA strain, could grow under anaerobic light conditions as well as aerobic dark conditions. On the other hand, the single bchXYZ mutant and the double bciA/bchXYZ mutant, the dXYZ and dA/XYZ strains, respectively, did not show phototrophic growth and grew under aerobic/semiaerobic conditions in the dark. For the identification of lipophilic pigments (BChl a) in the mutant strains, APCI mass spectrometry (positive ion mode) was applied. For the identification of hydrophilic pigments (Chlide a and 8V-Chlide a) in the mutant strains, ESI mass spectrometry (positive ion mode) as well as authentic standards were used. Fig. 3 shows results of LC(MS) analysis of pigments extracted from semiaerobically cultured cells of constructed mutant strains. In the dA strain, BChl a possessing a phytyl group was detected (Fig. 3A, trace ii) , and its intermediates were not detected within the detection limit of HPLC (Fig. 3B, trace ii) . The presence of phytylated BChl a in the mutant cells was confirmed in terms of the identical retention time to BChl a in the J001 strain (Fig. 3A, trace i) as well as APCI mass spectrometry as follows. Fig. 3C shows the mass spectra of the BChl a components found in the J001 (i) and dA (ii) strains. Both of the BChl a components gave the same molecular ion peak at m/z ϭ 911.3, which was consistent with the calculated mass number of 911.6 for phytylated BChl a as the protonated form. One of the fragment ion peaks was observed at m/z ϭ 633.1 produced by the loss of the esterifying moiety in the 17-propionate residue, indicating that the pigment had a C 20 phytyl group: 911.3 Ϫ 633.1 ϭ 278.2 ϭ C 20 H 39 -H. Therefore, peak 1 was confirmed to be phytylated BChl a.
On the other hand, the dXYZ strain accumulated Chlide a (Fig. 3B, trace v) and no BChl a (Fig. 3A, trace v) . The presence of Chlide a was determined using ESI-LCMS as well as the authentic standard. The Chlide a component found in the dXYZ strain (peak 5) showed a retention time identical to that of the authentic standard (at 16.5 min in traces v and vii of Fig.  3B ). Further, the component exhibited its molecular ion peak at m/z ϭ 615.2 as shown in trace iii of Fig. 3D , which was consistent with that for protonated Chlide a (calculated mass number of 615.3); peak 5 was identified to be Chlide a.
A mutant deleting the bchX, -Y, or -Z gene of Rhodobacter species was reported to accumulate both Chlide a and 3-(1hydroxyethyl)-Chlide a (4, 38) . The latter pigment was not detected in the dXYZ strain, where all of the bchX, -Y, and -Z genes were absent, but the other components absorbing 435-nm light were observed as minor components, denoted as *5-1 and *5-2 in trace v of Fig. 3B . The *5-1 and *5-2 components exhibited the molecular ion peaks at m/z ϭ 631.0 and 631.2, respectively, in their ESI mass spectra as shown in Fig.  3D , i and ii. The differences between mass numbers from peak *5-1/2 components and Chlide a (equal to peak 5) were 15.8/ 16.0 Da, indicating the addition of an oxygen atom to Chlide a for *5-1/2. Further, in on-line absorption spectra, the *5-1/2 components showed absorption spectra identical to that of Chlide a, suggesting the presence of the 3-vinyl group in *5-1/2 components (data not shown). In general, allomerization of (B)Chl pigments non-stereoselectively occurred and gave a mixture of epimers at the 13 2 -position (39, 40) . The pair of diastereomers was easily separated on reverse-phase HPLC. Thus, the *5-1 and *5-2 components were assigned to a pair of allomerized Chlide a, (13 2 R/S)-hydroxy adducts.
The mutant lacking the BciA and COR, the dA/XYZ strain, had no Chlide a nor BChl a but showed the accumulation of a Chlide-like component (traces vi of Fig. 3, A and B) . This pigment (peak 6 in trace vi of Fig. 3B ) was detected at the same retention time with the standard of 8V-Chlide a (at 19.0 min in traces vi and vii of Fig. 3B ) and exhibited a red-shifted Soret absorption at 440 nm and almost the same Q y absorption at 667 nm in the eluent as authentic Chlide a (Soret/Q y ϭ 431/666 nm). In general, Chl and BChl species having a C8 vinyl group showed their red-shifted Soret absorption maxima and almost no shift of the Q y absorption peaks, compared with those of the corresponding C8-ethylated analogs (12, 13, 24) . Furthermore, the component showed its molecular ion peak at m/z ϭ 613.1 (Fig. 3D, vi) , which corresponded with that for protonated 8V-Chlide a (calculated mass number of 613.2), assigning the peak 6 in the dA/XYZ strain as 8V-Chlide a. Similarly to the Chlide a in the dXYZ strain, (13 2 R/S)-hydroxy allomers of 8V-Chlide a were detected (peaks *6-1 and *6-2) and showed their molecular ion peaks at 629.2 (Fig. 3D, iv and v, respectively). These results clearly indicated that both BciA and COR proteins catalyzed the reduction of the C8 vinyl group, and at least one of the two was requisite for the reduction in R. spha-eroides cells. Further, an unknown third-type DVR does not exist in this bacterium.
Analysis of Pigment Compositions in the Mutant Lacking BciB of R. palustris-In addition to the observation of BciA and COR in R. sphaeroides, we studied the bciB gene, an ortholog of the cyano-type DVR (16) . Although direct mutation of bciB had not been observed among anoxygenic photosynthetic bacteria, complementation experiments were previously performed using green sulfur bacteria for identification of the gene function (18) . The bciB gene is not found in the genome of R. sphaeroides but is found in the genome of R. palustris, which has no bciA homolog. Therefore, we constructed a bciB-deleted mutant of R. palustris, dB strain, and analyzed the pigment composition from semiaerobically cultured cells. LC(MS) analysis showed that the mutant synthesized BChl a with a phytyl group as the dominant pigment (peak 1 in the solid line; also see selective mass chromatograms at m/z ϭ 911.3 in the dotted line of Fig. 3A, trace iv) and accumulated no Chlide a species (Fig. 3B, trace iv) as the wild type J002 strain did (Fig. 3, A and B, trace iii) . In addition to the dominant phytylated BChl a, other pigments showing BChl a-like absorption were detected. These peaks iii, R. palustris J002 (wild type); iv, dB; v, dXYZ; vi, dA/XYZ; vii, standard applying Chlide a and 8V-Chlide a. Peak 1, BChl a; peak 2, geranylgeranylated BChl a; peak 3, dihydrogeranylgeranylated BChl a; peak 4, tetrahydrogeranylgeranylated BChl a; peak 5, Chlide a; peak 6, 8V-Chlide a. Peaks *5-1 and *5-2, allomers of Chlide a; peaks *6-1 and *6-2, allomers of 8V-Chlide a. C, APCI mass analysis of BChl a detected in R. sphaeroides J001 (i) and dA cells (ii). D, ESI mass spectra of Chlide a and 8V-Chlide a derivatives observed in B. Peaks *5-1, *5-2, 5, *6-1, *6-2, and 6 gave molecular ion peaks at m/z ϭ 631.0, 631.2, 615.2, 629.2, 629.2, and 613.1, respectively, as their protonated forms ([MH] ϩ ). The calculated mass numbers of 631.24, 615.25, 629.23, and 613.23 are for allomer of Chlide a (and its epimer), Chlide a, allomer of 8V-Chlide a (and its epimer), and 8V-Chlide a. i, peak *5-1 found in dXYZ, allomer of Chlide a; ii, peak *5-2 found in dXYZ, allomer of Chlide a; iii, peak 5 found in dXYZ, Chlide a; iv, peak *6-1 found in dA/XYZ, allomer of 8V-Chlide a; v, peak *6-2 found in dA/XYZ, allomer of 8V-Chlide a; vi, peak 6 found in dA/XYZ, 8V-Chlide a.
were assigned to BChls a carrying a geranylgeranyl (peak 2), dihydrogeranylgeranyl (peak 3), or tetrahydrogeranylgeranyl group (peak 4) in the 17-propionate residues in the order of elution. The assignment of these three BChl a components was established in our previous studies (26, 27) . The function of BciB could not be clarified using the dB strain, as in the situation of BciA using the dA strain.
Introduction of R. sphaeroides bciA and R. palustris bciB into dA/XYZ Mutant Cells-The mutational analysis of bciB in R. palustris indicates that the dB strain showed no phenotype, similar to the dA strain of R. sphaeroides. To address whether BciB of R. palustris has DVR activity or not, the bciB gene was introduced into the dA/XYZ mutant strain of R. sphaeroides (dA/XYZ_palB strain). The bciA gene of R. sphaeroides was also introduced into the dA/XYZ strain (dA/XYZ_sphaA), and pigment compositions of the complemented strains were similarly analyzed by ESI-LCMS as described. Fig. 4 summarizes the results. Briefly, the selective mass chromatograms at m/z ϭ 615.1 (solid lines in Fig. 4B ) appeared to show that these strains accumulated Chlide a, not 8V-Chlide a. The results indicate that the two DVRs work for the 8-vinyl reduction in BChl a biosynthesis in the R. sphaeroides cells. Moreover, it was sug-gested that the COR in R. palustris cells could also catalyze the reduction of the C8 vinyl group.
Complementation of the dA/XYZ Mutant with bchXYZ of Various Bacteria-In BChl a biosynthesis of R. sphaeroides, COR plays a comparable role with BciA and then catalyzes the double reduction from 8V-Chlide a to 3-vinyl-bacteriochlorophyllide a (3V-BChlide a) via Chlide a in vivo (see Fig. 1 ): hydrogenation of C8-CHϭCH 2 to C8-CH 2 -CH 3 and C7ϭC8 to C7H-C8H. Is this dual function of COR general in any anoxygenic photosynthetic bacteria producing BChl a? To answer the question, we performed complementation of the dA/XYZ strain with the bchXYZ genes from various phylogenetic groups of anoxygenic photosynthetic bacteria. We analyzed the pigment compositions extracted from the bchXYZ-introduced mutants, dA/XYZ_sphaXYZ, dA/XYZ_palXYZ, dA/XYZ_tepXYZ, and dA/XYZ_castXYZ, having bchXYZ derived from R. sphaeroides, R. palustris, C. tepidum, and R. castenholzii, respectively ( Fig. 5A) . BChl a with a phytyl group was detected in these strains as well as the wild type of R. sphaeroides (Fig. 5A , traces i and iii-vi). These strains were able to complement BChl a synthesis ability. No BChl a was detected in the control strain, dA/XYZ_102, grown under semiaerobic dark conditions ( Fig. 5A, trace ii) . These results indicated that all of the BchXYZ proteins examined here possessed 8-vinyl reduction activity together with COR activity and could convert from 8V-Chlide a to 3-vinyl-bacteriochlorophyllide a via Chlide a. Indeed, these strains recovered their photosynthetic ability and could grow under anaerobic light conditions. We also performed complementation experiments of the dXYZ strains introduced with bchXYZ of the various above-mentioned species and confirmed their original COR activities (Fig. 5B) . The dual function of COR is general and conserved among purple bacteria, green sulfur bacteria, and filamentous anoxygenic phototrophs.
DISCUSSION
In this study, we observed the function of COR as DVR, using the mutants of R. sphaeroides. In BChl a biosynthesis, BciA and ; ii, dA/XYZ_sphaA; iii, dA/XYZ_palB; iv, standards for Chlide a and 8V-Chlide a. Peak 5, Chlide a; peak 6, 8V-Chlide a. Peaks *5-1 and *5-2, allomers of Chlide a; peaks *6-1 and *6-2, allomers of 8V-Chlide a. The detected peaks *5-1, *5-2, 5, *6-1, *6-2, and 6 in these strains showed the same mass spectra as i, ii, iii, iv, v, and vi in Fig. 3D , respectively. BciB are considered to be authentic DVRs using 8V-Chlide a or 8V-PChlide a as the substrate. Even if the BciA and BciB enzymes are absent in cells, COR acts as DVR and proceeds to further biosynthesis of BChl a. In the complementation experiments of dA/XYZ strain with bchXYZ genes of various species, the 8-vinyl reduction ability of COR was revealed to be conserved in R. sphaeroides, R. palustris, C. tepidum, and R. castenholzii. The results clearly indicated that this function of COR is general among purple bacteria, green sulfur bacteria, and filamentous anoxygenic phototrophs. Especially in R. castenholzii and Roseiflexus sp. RS-1, whose genomes carry neither bciA nor bciB gene (16) , the DVR activity of their COR is inevitably requisite, and not a subfunction, to synthesize BChl a. From the results of the pigment analysis of the dA/XYZ strain of R. sphaeroides, we demonstrated that an "unknown" third-type DVR does not exist in this bacterium. We then conclude that COR is actually the third DVR, assigned following BciA and BciB.
In purple bacterial genomes, the bchXYZ genes are conserved within the photosynthetic gene cluster, which includes genes for reaction centers, light-harvesting complexes, and BChl and carotenoid biosynthesis. It is known that a set of genes in the photosynthetic gene cluster has been conserved from ancestral organisms of purple bacteria by horizontal transfer (9, 10) . Interestingly, the bciA/bciB gene is not included in the gene cluster, which is the only case among genes for synthesizing photosynthetic apparatus in purple bacteria. The findings in this study indicate that the photosynthetic gene cluster without bciA and bciB is enough to produce BChl a. When the gene cluster is subjected to the horizontal gene transfer, it could give the ability of BChl a biosynthesis to a recipient organism. These pieces of evidence suggest that BciA and BciB were missing in ancestral anoxygenic photosynthetic bacteria and that COR could be the evolutionarily oldest type of DVR.
In that case, why are BciA and/or BciB present in almost all of the isolated phototrophs producing BChl a? The only exception lacking both the bciA and bciB genes is Roseiflexus species. We propose the following three possible reasons to answer this question. First, BciA/BciB is advantageous in terms of suppression of the energy usage for the 8-vinyl reduction. BciA and BciB require NADPH (EЈ 0 ϭ Ϫ0.32 V) and ferredoxin (EЈ 0 ϭ Ϫ0.43 V) as electron donors, respectively, for their enzymatic reactions (20) . In contrast, COR needs ATP in addition to ferredoxin as a considerable electron donor in vivo for its enzymatic activity (7) and thus requires greater energy than BciA and BciB do. The second reason is the catalytic activity rates for the 8-vinyl reduction by COR and BciA/BciB. Although the efficiency of COR as DVR is still unknown, COR seems to have lower activities for the 8-vinyl reduction than BciA and BciB, because the dA and dB strains showed slightly slower growth than wild type strains under anaerobic low light conditions (data not shown). COR together with BciA and/or BciB would accelerate the whole BChl a biosynthesis. Third, COR and BciA/BciB have different roles in adapting to environmental changes, especially oxygen concentrations. COR carries out its enzymatic reduction under anaerobic conditions but shows no activity in the presence of dioxygen (7) . In contrast, BciA and BciB are active even under aerobic conditions (12, 19) . Most purple bacteria still synthesize BChl a under semiaerobic and dark conditions. BciA and BciB showed higher enzymatic activities than COR under these conditions.
Previously we demonstrated that CORs from B. viridis and H. modesticaldum utilize 8V-Chlide a (not Chlide a) as the substrate for biosyntheses of BChl b and BChl g, respectively (22, 23) . In these cases, BciA and BciB are not required, and in fact these genes are absent in the genomes of the two bacteria (21) . 5 CORs from these species have probably been modified to synthesize bacteriochlorophyllide g (precursor for BChls b and g) from 8V-Chlide a in the course of evolution.
Green sulfur bacteria produce not only BChl a but also ⌬2,6phytadienylated Chl a and BChl c, d, or e (depending on species). Although BciA and BciB are not indispensable for BChl a biosynthesis, as shown in this study, the two enzymes are required for biosynthesis of ⌬2,6-phytadienylated Chl a and BChl c/d/e. In our previous study, the bciA mutant of C. tepidum synthesized normal BChl a but accumulated 8-vinyl-⌬2,6phytadienylated Chl a and 8V-BChl c (26) . This suggests that COR would not release Chlide a after the 8-vinyl reduction of 8V-Chlide a and then would immediately proceed to the C7ϭC8 double bond reduction for further BChl a biosynthesis. Therefore, enzymes for biosynthesis of Chl a and BChl c could not interact with Chlide a and only react with 8V-Chlide a in the bciA mutant.
It was reported that the mutant of A. thaliana lacking planttype (BciA-type) DVR accumulated 8V-Chls a and b and showed slow growth rates under high light conditions (13) . The mutant of Synechocystis sp. PCC6803 lacking cyano-type (BciBtype) DVR accumulating 8V-Chl a was also reported to be sensitive to oxygen molecules and to grow slowly under high light conditions (16) . Plant-and cyano-type DVRs are likely to be important for protection against oxygen stress even in oxygenic phototrophs. Because Prochlorococcus species of marine cyanobacteria utilize 8V-Chl a for the authentic photosynthetic pigment, their photosystems are useful to evaluate how to adapt to oxygen stress conditions with 8V-Chl a.
Before increasing oxygen concentrations on early earth, ancestral anoxygenic photosynthetic bacteria probably synthesized BChl a without bciA and bciB. Given that a loss-of-function mutation had occurred in any of bchX, -Y, or -Z, the resultant pigment accumulated in mutated bacteria is probably 8V-Chlide a, not Chlide a. Therefore, 8V-Chl a could be produced as an ancestral chlorophyllous pigment in the last universal ancestors of oxygenic phototrophs. Elevation of oxygen concentrations in early earth after the appearance of ancestral oxygenic phototrophs using 8V-Chl a might relate to the acquisition of oxygen-tolerant BciA/BciB as DVR for Chl a biosynthesis.
